liver; hepatocyte; mammalian target of rapamycin; signal transduction; ribosome THE FETAL RAT GROWS at an extraordinarily rapid rate during the latter stage of gestation, tripling its somatic mass during the 3 days before term (22) . This increase in size is accompanied by a proportionate increase in liver mass, which is a function of a high rate of hepatocyte proliferation (20) . Our laboratory has focused on late-gestation liver development in the rat as a model of hepatocyte growth regulation, one that contrasts with the synchronized hepatocyte proliferation that occurs after partial hepatectomy in the adult rat. We have observed a number of differences between the two models, including the activation state of mitogenic signaling pathways (7, 8) , the expression of cell cycle-regulating genes (4, 9) , the mechanisms controlling apoptosis (15) , and, most relevant to the present studies, the sensitivity of hepatocyte proliferation in vivo to the growth inhibitory effects of rapamycin (6) .
Rapamycin is an inhibitor of the nutrient-sensing protein kinase referred to as the mammalian target of rapamycin (mTOR). On the basis of its ability to control global protein translation and ribosome biogenesis, mTOR has been assigned a central role in the regulation of cell growth and proliferation (17, 25, 37) . Given that cell growth is a requirement for proliferation, it is not surprising that rapamycin is a potent inhibitor of cell cycle progression. Its effects are exerted largely during G 1 . We interpreted the observation that fetal hepatocyte proliferation in the rat is not inhibited by rapamycin (6) as relating to the known resistance of many cancer cell types to its growth inhibitory properties (28) .
The mechanisms by which mTOR controls global protein translation and ribosome biogenesis have been the subject of intense investigation in recent years. Its ability to induce the phosphorylation of the eukaryotic initiation factor 4E (eIF4E) binding-protein 1 (4E-BP1) is an established mechanism, whereby mTOR can upregulate global protein translation. This regulatory activity is in large part a function of the formation of the mRNA cap-binding complex eIF4F (31, 38) . When 4E-BP1 is in the hyperphosphorylated state, it is, as a consequence, unbound to eIF4E, thereby allowing eIF4E to interact with eIF4G. The ability of mTOR to activate a second pathway leading to the phosphorylation of ribosomal protein S6 was long considered to be central to the translational activation of other ribosomal proteins that are encoded by mRNAs that have 5Ј-terminal oligopyrimidine tracts (5Ј-TOP mRNAs) (27, 29, 40) . However, recent studies indicate that there is not a direct functional relationship between the phosphorylation of ribosomal protein S6 and 5Ј-TOP mRNA translation. Among these studies is our own that demonstrated the rapamycin resistance of fetal hepatocyte proliferation (6) . These studies showed a dissociation between S6 phosphorylation and hepatocyte proliferation. Among other published studies, perhaps the most compelling was the creation of a knockin mouse model in which the phosphorylation sites in S6 were deleted. Hepatocytes from these mice showed normal 5Ј-TOP mRNA translation (41) . However, the possibility remains that S6 phosphorylation is involved in regulation of cell size, ribosome biogenesis, and/or translation initiation in some cell types (40) .
The present studies were intended as an extension of our previous observation that the in situ administration of rapamycin to late-gestation fetal rats did not affect hepatocyte proliferation (6) . By demonstrating a potent inhibitory effect of rapamycin on S6 phosphorylation in this in vivo model, we were able to confirm mTOR inhibition resulting from rapamycin administration. We interpreted our results as indicating that the mechanisms regulating ribosome biogenesis and global protein translation in the developing liver might differ from those in adult liver. We have therefore undertaken an analysis of the effects of rapamycin on the translation of mRNA encoding ribosomal proteins in the devel-oping fetal liver as well as an examination of the cap-binding complex in fetal vs. adult liver.
EXPERIMENTAL PROCEDURES
Materials. Antibodies to S6, phosphorylated S6 (Ser 235/236 and Ser 240/244 ), phospho-eIF4G (Ser 1108 ) and eIF4E were purchased from Cell Signaling Technology (Beverly, MA). Antibodies to eIF4G1, L28, L11, eIF4A1, and eIF4A2 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 7-Methyl-GTP (7mGTP)-Sepharose 4B was purchased from GE Healthcare Life Sciences (Piscataway, NJ).
Animals. Male and timed-pregnant female Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, MA). Pregnant rats of known gestational age (term being 21 days) were used for all fetal studies. Dams were fed standard laboratory chow ad libitum. For fetal studies, a laparotomy was performed under pentobarbital sodium anesthesia (35 mg/kg, ip injection) on embryonic day 19 (E19). Fetuses were exteriorized under sterile conditions. Rapamycin (2.5 g; LC Laboratories, Woburn, MA) or an equivalent amount of dimethyl sulfoxide (DMSO) vehicle was administered by intraperitoneal injection to each fetus in situ. The fetuses were replaced, laparotomy incisions were closed, and gestation was allowed to continue for either 6 or 24 h as specified for individual experiments. At the end of this period time, a cesarean section was performed, and fetal livers were harvested.
Male rats, 140 -180 g, were used for fasting/refeeding studies, which were carried out as described previously (3) . Following withdrawal of food for 48 h and just before refeeding, DMSO vehicle or 2.5 g/g rapamycin were administered to the animals by intraperitoneal injection. After injection (15 min), the refeeding period was initiated by replacing the laboratory chow in their cage covers. Ad libitum feeding was allowed to proceed for times ranging from 5 min to 6 h at which time animals were killed under isoflurane anesthesia. Partial hepatectomy was performed as previously described (6) . DMSO or rapamycin was administered 1 h before the surgical procedure as for the fasting/refeeding experiments. Animals were killed 24 h after surgery by exsanguination under pentobarbital sodium anesthesia (50 mg/kg by ip injection).
All animals studies were approved by the Rhode Island Hospital Institutional Animal Care and Use Committee.
Biochemical analyses. For all studies, liver tissue was flash-frozen in liquid nitrogen then stored at Ϫ70°C until use. Liver homogenates for Western immunoblotting were prepared as described previously (2) . Sample preparation and conditions for affinity purifying the 7mGTP cap-binding components have also been described previously (3) . Western immunoblotting was done using standard electrophoresis and transfer methods with chemiluminescent detection (1) . Protein determinations were made using the bicinchoninic acid method (Pierce Chemical, Rockford, IL) using BSA as the standard.
Polysome preparation and fractionation was carried out using a modification of the methods we have described previously (3) . A 10 -50% sucrose gradient was developed in each tube by ultracentrifugation after which tube piercing was accomplished using a Brandel apparatus. Fraction collection started with the lightest portion of the gradient at the top of the tube. Monitoring of absorbance at 254 nm was used to identify samples containing free RNA, monosomes, and polysomes. RNA was extracted and analyzed by RT-PCR for abundance of specific RNAs in the various pools (3). RNA (1.5 g) was used to generate the first-strand cDNA using the SuperScript FirstStrand Synthesis System (Invitrogen, Carlsbad, CA).
Rat-derived sequence data were used for primer design except when not available (eIF4G1), in which case the human sequence was used. PCR primers were designed using the MIT Primers3 design program (www.genome.wi.mit.edu//cgi-bin/primer3.egi). Ribosomal protein S8 primer sequences were provided by Dr. Scot Kimball (Pennsylvania State College of Medicine, Hershey, PA). RT-PCR was performed in a semiquantitative manner, as described previously (3, 4, 23) . Primer sequences, PCR conditions, and expected product sizes are shown in Table 1 . The specificity of the primers for the three forms of eIF4G was confirmed by sequencing the PCR products.
RESULTS
To test the hypothesis that late-gestation fetal hepatic 5Ј-TOP mRNA translation is insensitive to rapamycin, fetuses were injected in situ with DMSO vehicle or rapamycin and then allowed to recover for varying periods of time before repeat cesarean section. At the end of the experiment, fetal livers were harvested and processed to prepare ribosomes. For a comparison group, we used fasted adult rats that were injected with DMSO vehicle or rapamycin before refeeding.
In all fetal and adult animals that were administered rapamycin, we observed nearly complete inhibition of S6 phosphorylation, as demonstrated by phosphospecific immunoblotting (data not shown). Sucrose gradient fractionation of ribosomes ( Fig. 1 ) for adult and fetal liver showed that polysomes were present in higher abundance relative to total RNA in the fetal samples. This was a consistent finding. Analysis of mRNA distribution showed a modest but consistent rapamycin-induced shift from the polysome to nonpolysome fractions for three 5Ј-TOP mRNA species encoding ribosomal proteins S6, S8, and L28 in adult rats killed 6 h after rapamycin administration. A non-5Ј-TOP mRNA, ␤-actin, was unaffected. In contrast, administration of rapamycin to E19 fetuses 6 h before death had no effect on the distribution of the S6, S8, and L28 5Ј-TOP mRNAs, as illustrated by the absence of a shift to the left in the polysome profiles.
Although its role in translation control is uncertain, S6 phosphorylation still retains a purported physiological role in ribosome assembly. We reasoned that involvement of S6 phosphorylation in ribosome assembly would be reflected in the distribution of phospho-S6 in nascent ribosomes at various stages and that loss of such a function could contribute to rapamycin resistance. To examine this possibility, we studied the distribution of phospho-S6 in ribosomes fractionated in sucrose density gradients (Fig. 2) . Phospho-S6 levels (Ser 235/236 ) were considerably higher in fetal rats than in adult rats relative to total S6. In both fetal and adult liver ribosomes, the distribution of phospho-S6 in the sucrose density profiles coincided with the distribution of S6 itself. Fasting of adult rats reduced total S6 content and phospho-S6 levels, although the distribution of phospho-S6 again coincided with S6 abundance. To detect a role for S6 phosphorylation in ribosome assembly, animals were fasted for 48 h and then refed for periods (5, 10, or 15 min) that were sufficiently short to observe the accumulation of preinitiation Fig. 1 . Effect of rapamycin on hepatic 5Ј-terminal oligopyrimidine tracts (5Ј-TOP) mRNA translation in refed adult rats and late-gestation fetal rats. Adult rats underwent starvation for 48 h. Before refeeding (15 min), dimethyl sulfoxide (DMSO) vehicle or rapamycin was administered by ip injection. Refeeding was allowed to proceed for 6 h. DMSO or rapamycin were also administered to embryonic day 19 (E19) fetal rats in situ. Fetal livers were recovered by cesarean section 6 h later. A: total RNA fractions were resolved by sucrose density centrifugation. These representative profiles showing absorbance at 254 nm indicate how fractions were pooled to obtain free mRNA (fractions 1 and 2), 40S monosomes (fraction 3), 60S, 80S, and short polysomes (fraction 4), and long polysomes (fraction 5). B: adult and fetal liver samples from control and rapamycin-injected animals were analyzed by RT-PCR for the distribution of mRNA species encoding ribosomal proteins S6, S8, and L28 and ␤-actin. Representative analyses of S8 and L28 distribution are shown. C: RT-PCR results for triplicate, paired adult/fetal analyses are shown. Filled bars, results for control animals; open bars, results for the rapamycin group. Data are shown as means and SE. *P Ͻ 0.05 by paired t-test. Fig. 2 . Distribution of ribosomal protein S6 and phosphorylated S6 (P-S6) in fetal and adult liver ribosomes fractionated by sucrose density centrifugation. Liver ribosomes were prepared from fetal and adult rats. The adult rats were fed ad libitum (control), fasted for 48 h, or fasted for 48 h and then refed. Refed animals were killed at 5, 10, or 15 min after they began eating the food reintroduced into their cages. Sucrose gradients were fractionated into 14 samples, all of which were analyzed by immunoblotting for S6 and phosphorylated-S6. F, free; P, polysomes.
complexes and polysomes, as indicated by the distribution of S6. In all cases, phosphorylation of S6 in individual fractions was in proportion to S6 content. Results using an antibody directed toward Ser 240/244 gave similar results (data not shown). This experiment was replicated in several additional groups of animals. The results were interpreted as indicating that S6 phosphorylation is not involved in ribosome assembly in liver.
We proceeded to compare the composition of fetal and adult liver eIF4F complexes. Triplicate fetal and adult liver homogenates were analyzed by direct immunoblotting and by 7mGTP affinity purification followed by immunoblotting (Fig. 3, A and  B) . For these experiments, 7mGTP affinity purification of eIF4F complexes was carried out by incubating homogenates with 7mGTP beads for 18 h.
The level of total eIF4E was slightly higher in fetal liver homogenates than in adult liver homogenates. However, the amounts of eIF4E recovered in 7mGTP-purified fractions were similar. eIF4A1 levels in unfractionated homogenates were again somewhat higher in fetal liver than in adult liver. In contrast, levels in the 7mGTP-purified fraction were far higher in fetal liver than in adult liver. Examination of eIF4A2 showed that multiple immunoreactive bands were present in unfractionated homogenates. The levels of all were higher in adult than in fetal liver. The largest of the immunoreactive proteins (49 kDa), the main species that was recovered in the 7mGTP-purified fractions, was present in considerably higher levels in fetal samples than in adult samples. Incubation of samples with control Sepharose beads lacking the 7mGTP did not yield any of the eIF4F components, as indicated by immunoblotting (data not shown).
Given that fetal hepatocytes are actively proliferating while adult hepatocytes are quiescent under basal conditions, we examined the effect of partial hepatectomy on the content of eIF4F components, including the two isoforms of eIF4A (Fig.  3C) . Regenerating liver obtained 24 h after partial hepatectomy was associated with an increase in both eIF4A1 and eIF4A2, whereas eIF4E levels were unchanged. Inhibition of liver regeneration by preadministration of rapamycin prevented the increases in both eIF4A isoforms. This was not the case for eIF4E, the content of which was slightly increased by rapamycin pretreatment. This result raised the possibility that eIF4A1 and eIF4A2 were behaving like 5Ј-TOP mRNAs. However, examination of the distribution of eIF4A mRNAs in fractionated polysomes did not demonstrate an effect of rapamycin (data not shown).
The results of the 7mGTP affinity purification of capbinding proteins indicated a far higher level of eIF4F formation and cap-dependent transcription initiation in fetal liver relative to adult liver. As the scaffold for eIF4F formation, eIF4G is required for formation of the cap-binding complex. Levels of eIF4G1 in unfractionated homogenates of adult and fetal liver were similar but were low and difficult to detect. We therefore employed 7mGTP affinity purification to compare eIF4G1 content and isoform expression in adult and fetal liver (Fig. 4) . Results showed that the multiple molecular weight forms of eIF4G1 in adult and fetal liver differ.
We did not observe markedly higher levels of 7mGTP-bound eIF4G1 in fetal samples relative to adult samples as would have been predicted by the eIF4A results. We therefore examined the possibility that other forms of eIF4G could account for this observation. The functional roles of eIF4G2 and eIF4G3 have not been fully characterized. We hypothesized that either or both might account for high levels of eIF4F recovered from fetal liver. Available antibody reagents proved to not be useful for examining eIF4G2 and eIF4G3 content in liver samples. As an alternative, we examined the translation of eIF4G1, eIF4G2, and eIF4G3 by analyzing for mRNA distri- Fig. 3 . Cap-binding components in fetal vs. adult liver. A: triplicate adult and fetal liver samples were processed for direct immunoblotting and for 7-methyl-GTP (7mGTP) affinity purification of cap-binding complexes. Numbers on right in immunoblots represent apparent molecular mass in kDa. Note that an overexposed version of the panel on top is shown to make the total protein analysis visible. B: results from A quantified as the mean and 1 SD for each set of triplicate analyses. The eukaryotic initiation factor (eIF) 4A2 results are for the 46-kDa band that was found in subsequent experiments to be the translationally active form. The use of chemiluminescent imaging allowed us to optimize the quantification for each moiety. Filled bars, adult; open bars, fetal. *P Ͻ 0.05 for fetal results vs. corresponding adult results. C: direct immunoblotting for eIF4E, eIF4A1, and eIF4A2 was carried out on triplicate liver homogenates prepared from adult animals (control: basal, fed conditions), animals that underwent partial hepatectomy (PH: DMSO vehicle administered 1 h before partial hepatectomy), and regenerating liver from animals that were administered rapamycin 1 h before partial hepatectomy. Liver tissue was obtained from animals that underwent partial hepatectomy 24 h after surgery. bution in adult and fetal liver polysome profiles. Three sets of analyses were completed (representative results shown in Fig. 5 ). We found that eIF4G1 and eIF4G3 translation was similar in fetal and adult liver. eIF4G2 translation was higher in adult liver relative to fetal liver. We did not observe differences in total RNA content for any of the three forms. Based on these results, we could not attribute higher levels of eIF4F formation in fetal liver to either eIF4G2 or eIF4G3.
Given the disparity between eIF4G and eIF4A levels in 7mGTP-purified fractions, we investigated a possible caveat in the interpretation of these results. An overnight period of incubation with 7mGTP beads had been used to optimize recovery of eIF4F complexes from homogenates. We considered the possibility that the complex was forming posthomogenization during the affinity purification process. A time course of recovery of eIF4F components by 7mGTP beads was performed (Fig. 6) . Results showed that recovery of eIF4E was rapid, being as high after a 1-h incubation period as it was after an overnight incubation. However, the recovery of eIF4A1 was far higher after the longer incubation period, indicating posthomogenization formation of eIF4F. On the basis of this observation, we reinterpreted the 7mGTP purification results as indicating that the content of eIF4F components available for eIF4F formation was higher in fetal than in adult liver. We also concluded that the eIF4F complexes recovered from fetal liver did not necessarily represent translationally active complexes.
To address this issue, we employed protein-RNA crosslinking to examine translationally active eIF4F complexes in liver homogenates. Preliminary experiments (not shown) to determine the concentration of formaldehyde and incubation time needed to cross-link eIF4F components to ribosomes confirmed that ribosome preparation and fractionation resulted in the complete dissociation of eIF4F components from the preinitiation (40S) complex without cross-linking. Recovery of eIF4E in the 40S fraction was maximal when ribosomes were incubated with 3% formaldehyde for 1 h.
A comparison of cross-linked adult and fetal ribosome profiles (Fig. 7) showed higher levels of eIF4E, eIF4A1, and eIF4G1 in the fetal 40S fractions. These results, which are consistent with a primary role for eIF4G1 in promoting capdependent translation in fetal liver, were replicated in a second, independent experiment. Most striking was the absence of eIF4A2 from the fetal 40S fractions. In adult 40S fractions, the form of eIF4A2 that was present had a molecular mass of 46 kDa. The 49-and 41-kDa forms seen in total homogenates and the 49-kDa form present in 7mGTP-purified preparations (Fig.  3) were not identified in cross-linking experiments, indicating that the immunoreactive 46-kDa moiety may be the only form that is translationally active. Thus the use of cross-linking and sucrose density fractionation disclosed a marked difference in the form of eIF4A that was translationally active in adult vs. fetal liver.
We showed previously that rapamycin administration before refeeding of adult rats did not affect eIF4F formation even though rapamycin induced hypophosphorylation of 4E-BP1 (3). However, those analyses used 7mGTP affinity purification. Given the evidence that eIF4F complexes can form posthomogenization, we repeated this experiment using formaldehyde cross-linking followed by sucrose-density fractionation. Adult rats were fasted for 48 h. DMSO vehicle or rapamycin was administered 15 min before a refeeding period that was allowed to continue for 1 h. Ribosomes were prepared, crosslinked, and fractionated on sucrose gradients. The fractions were analyzed by Western immunoblotting. Fig. 4 . eIF4G1 in 7mGTP affinity-purified preparations from adult and fetal liver. Liver homogenates, prepared from adult (A) and fetal (F) liver samples, were analyzed by 7mGTP affinity purification followed by immunoblotting for eIF4G1. Numbers on left and right of the immunoblot represent apparent molecular mass in kDa. Fig. 5 . Expression and translation of hepatic eIF4G1, eIF4G2, and eIF4G3. Total RNA and ribosomes were prepared from adult (A) and fetal (F) livers. The ribosome preparations were fractionated by sucrose density centrifugation as for Fig. 1 . Fraction pools and total RNA were analyzed by RT-PCR for abundance of mRNA for eIF4G1, eIF4G2, and eIF4G3. Cycle number was 26, 25, and 30 for the three forms, respectively. Results are representative for single adult and fetal ribosome profiles and for duplicate adult and fetal total RNA preparations. The results shown here were confirmed in a second, independent experiment. Fig. 6 . Formation of the cap-binding complex in fetal liver homogenates over time during 7mGTP affinity purification. A fetal liver homogenate was held at 4°C for 1 or 18 h and then analyzed by immunoblotting for total eIF4E and eIF4A1 to serve as a control for the period of incubation with 7mGTP beads (left). Duplicate homogenates were incubated with 7mGTP beads for 1 or 18 h before analysis for eIF4E and eIF4A1 content (right) to ascertain the effect of time on affinity purification of cap-binding complexes. Numbers on right in immunoblots represent apparent molecular mass in kDa.
A representative analysis is shown in Fig. 8 . Immunoblotting for P-S6 was markedly reduced in the animal that was administered rapamycin, thus confirming the efficacy of the drug in blocking mTOR signaling via S6 kinase. There was a modest reduction in the content of S6 in the 40S fraction. The contents of eIF4E, eIF4A1, eIF4A2, and eIF4G1 in the 40S fraction were also reduced.
The animal experiment was replicated three times. The aggregate results of the three experiments showed that rapamycin induced a 40% decrease in S6 content in the 40S peak. This is consistent with our previously reported results on total S6 in unfractionated liver homogenates (3). The content of eIF4E in the 40S fraction relative to the content in the free fractions was reduced by ϳ75% [ratio of 40S to free, 3.82 Ϯ (SD) 1.31 in control animals and 1.21 Ϯ 0.50 in the rapamycin group, P ϭ 0.032]. The triplicate analyses showed a reduction in eIF4A1 and eIF4A2 content in the 40S fraction that followed the reduction in S6 content.
Samples were also analyzed for phosphorylated eIF4G1 (Ser 1108 ). Results (Fig. 8) showed a disproportionate reduction in eIF4G1 phosphorylation in response to rapamycin. Of note, lower-molecular-weight forms of eIF4G1 showed the highest stoichiometry of phosphorylation.
An analogous experiment was carried out to examine the effect of rapamycin on cap-binding complex formation in fetal liver (representative results shown in Fig. 9 ). Rapamycin administration to fetuses in situ 6 h before repeat cesarean section and recovery of fetal livers was associated with a small decrease in S6 abundance in the 40S fractions. As expected, rapamycin induced a marked decrease in S6 phosphorylation. Rapamycin also induced a loss of the hyperphosphorylated form of 4E-BP1 (data not shown). Abundance of eIF4E, eIF4A1, and eIF4G1 in the 40S fraction was minimally affected by rapamycin.
The fetal analyses were also carried out in triplicate. The aggregate results confirmed a modest reduction in 40S ribo- Fig. 8 . Effect of rapamycin on translationally active cap-binding complexes in adult liver. Liver ribosomes were prepared from adult rats that were fasted for 48 h. DMSO and rapamycin were administered 15 min before refeeding, and refeeding was allowed to continue for 1 h before death. After cross-linking, ribosomes were fractionated by sucrose density centrifugation. For this analysis and for the analysis in Fig. 9 , one fraction representing unbound proteins was analyzed while three fractions were collected across the 40S peak. Fractions were analyzed by immunoblotting for S6, phospho-S6 (Ser 235/236 ), and for cap-binding components, including phospho-eIF4G1 (Ser 1108 ). Numbers to right of the immunoblots represent apparent molecular mass in kDa. Numbers to right of the eIF4G1 immunoblot represent the molecular mass range of the isoforms that were detected. Results were replicated in a second experiment. somal S6 content [28 Ϯ 6% (SD) in 3 paired analyses]. eIF4E content in the 40S fractions relative to free eIF4E was reduced in the rapamycin samples (ratio of 40S to free: 0.65 Ϯ 0.25 in control animals and 0.27 Ϯ 0.08 in rapamycin group), but the results did not reach significance (P ϭ 0.064). Of note, eIF4A1 was not reduced (40S-free: 0.89 Ϯ 0.31 in control animals and 1.04 Ϯ 0.69 in rapamycin group).
As was the case in adult animals, rapamycin inhibited eIF4G1 phosphorylation (Fig. 9) . Again, the highest relative levels of phosphorylation were present in lower-molecularweight forms of eIF4G1, all of which were detected in 40S fractions.
DISCUSSION
The model of liver growth in the late-gestation fetal rat is relevant to several areas of liver biology. The ability of fetal rat hepatocytes to repopulate the adult liver (13) and to proliferate independent of their differentiation status (21) indicates their potential for repair of liver injury. Their mitogen-independent signaling phenotype (7, 8) and resistance to apoptosis (15) suggest a relationship to liver carcinogenesis. A potential relationship to mechanisms involved in the development of hepatocellular carcinoma is perhaps best exemplified by the resistance of fetal hepatocytes in vivo to the growth inhibitory effects of rapamycin (6, 39) . That being said, we examined a panel of cell lines that we have used previously to examine the relationship between hepatic cell transformation and regulation of protein phosphatase type 2A (44) . There was no correlation between the tumorigenicity of the cells and their expression of eIFA1 or eIFA2, nor was there a relationship with the pattern of eIF4G1 isoform expression. We are left to conclude that fetal hepatocytes in vivo may share some characteristics with hepatocellular carcinoma cells but that the specifics of fetal liver translation control are not recapitulated in these cell lines.
The process of cell replication involves a balance between cell growth and cell cycle control. During the G 1 phase of the cell cycle, a cell doubles in size. This process requires the synthesis of ribosomes and an increase in global protein translation. Progression beyond the late G 1 restriction point involves the ability of a cell to detect its size (14, 19, 42) . Recent evidence points to a capacity for cells to detect an adequate complement of ribosomes, the primary determinant of which is rRNA content (34) . A number of mechanisms that result in the dysregulation of ribosome biogenesis and translation initiation have been described in cancer cells (39) . These mechanisms involve control by mTOR, thus the relationship between rapamycin resistance and cancer. Through its ability to inhibit mTOR signaling, rapamycin is thought to block the processes of rRNA transcription and global protein translation, thus preventing progression from late G 1 to S. Studies by Fingar and Blenis (16) indicate that the ability of rapamycin to inhibit cell cycle progression is mediated by its inhibitory effect on cell growth.
One of the first roles assigned to mTOR was the control of ribosome biogenesis. mTOR mediates the activation of ribosomal protein S6 kinases, which in turn catalyze the phosphorylation of ribosomal protein S6, a constituent of the 40S ribosomal subunit. In the present studies, we found that fetal hepatocytes in vivo are resistant to the inhibitory effect of rapamycin on 5Ј-TOP mRNA translation even though rapamycin administration potently inhibited S6 phosphorylation. Although the signal transduction mechanisms that control the translation of ribosomal proteins have not been elucidated, candidate proteins that bind to 5Ј-TOP sequences have been identified (24) . Our data are consistent with the hypothesis that the expression and/or function of such 5Ј-TOP-binding proteins differ in fetal and adult hepatocytes.
Studies dissociating S6 phosphorylation from 5Ј-TOP translation do not preclude a role for S6 in controlling cell size (33, 40, 41) . We hypothesized that such a mechanism could involve a role for S6 phosphorylation in ribosome assembly and that such a functional role would result in the preferential distribution of phospho-S6 to nascent ribosomes. Our studies showed that the distribution of phospho-S6 was identical to that of S6 itself, consistent with the absence of a role for S6 phosphorylation in the formation of mature ribosomes. We are left to conclude that the ability of fetal hepatocytes to proliferate Fig. 9 . Effect of rapamycin on translationally active cap-binding complexes in fetal liver. Liver ribosomes were prepared from fetal rats that were given DMSO vehicle or rapamycin by in situ injection. Fetuses and mother were allowed to recover for 6 h before death. After cross-linking, ribosomes were fractionated by sucrose density centrifugation. Fractions corresponding to unbound proteins and the 40S preinitiation complex were analyzed by immunoblotting for S6, phospho-S6 (Ser 235/236 ), and for cap-binding components, including phospho-eIF4G1 (Ser 1108 ). Fractions were also analyzed for immunoreactive eIF4A2, but none was detected. Numbers to right of the immunoblots represent apparent molecular mass in kDa. Numbers to right of the eIF4G1 immunoblot represent the molecular mass range of the isoforms that were detected.
in vivo under conditions associated with S6 hypophosphorylation is not related to a role for S6 phosphorylation in ribosome biogenesis.
In addition to resistance to the inhibitory effects of rapamycin on 5Ј-TOP translation, we hypothesized that rapamycin resistance might also involve changes in the global control of protein synthesis by formation of the eIF4F complex that binds to the 5Ј-cap of most mRNA species. We (3) and others (30) had reported that hepatic translation control via 4E-BP1 in the rat is insensitive to rapamycin. To address the mechanism of control in fetal liver, we performed direct immunoblotting for 4E-BP1 on liver homogenates from fetal rats that were first injected with either DMSO vehicle or rapamycin. Fetal liver 4E-BP1 phosphorylation was markedly downregulated by administration of rapamycin. Thus any rapamycin insensitivity of cap-binding complex formation in fetal liver could not be attributed to the absence of 4E-BP1 or the absence of an effect of rapamycin on its phosphorylation.
To compare the effect of rapamycin on cap-binding complex formation in fetal and adult liver, we first undertook an analysis of the constituents of the eIF4F complex using 7mGTP affinity purification. This approach yielded no apparent effect of rapamycin on the cap-binding complex in adult rats that underwent refeeding after starvation. Although consistent with our previous observations (3), the comparison of fetal and adult liver eIF4F raised questions about the results obtained using this approach. An experiment to determine if the eIF4F complex can form posthomogenization indicated that this is indeed the case.
To examine the translationally active components of the eIF4F complex, we used formaldehyde cross-linking and ribosome fractionation by sucrose gradient centrifugation. Our initial experiments disclosed differences between fetal and adult liver eIF4F complexes. We confirmed a markedly higher level of eIF4F components in the 40S fraction derived from fetal liver compared with that recovered from adult liver. Whereas the affinity purification approach gave similar content of eIF4G1 isoforms in the two, the cross-linking approach demonstrated a much higher level in fetal liver. The level was sufficiently high to warrant an assignment of the scaffolding function in the cap-binding complex to eIF4G1. The differences in eIF4E and eIF4A1 were more pronounced with cross-linking. Most impressive was the result obtained for eIF4A2, which showed the presence of this helicase only in the adult liver 40S fraction.
The cross-linking analysis also demonstrated a rapamycininduced reduction in the eIF4F components in the 40S peak in adult liver. The decreases in the 40S content of S6, eIF4E, eIF4A1, eIF4A2, and eIF4G1 were roughly equivalent. Unlike the results obtained using 7mGTP affinity purification, these results supported the conclusion that rapamycin reduces the content of the preinitiation complex in refeeding. The results for the fetal animals also showed a modest reduction in S6 and eIF4E content in the 40S peak. However, eIF4A1 content was unchanged. This dissociation between eIF4A1 and eIF4E distribution might be accounted for by the cycling of the helicase through the eIF4F complex during translation such that there need not be a stoichiometric relationship between eIF4E and eIF4A (36) . Indeed, the absence of an effect of rapamycin on eIF4A1 content in the fetal liver preinitiation complex may reflect an alternative means of regulating translation initiation and the relative lack of a rapamycin effect on fetal liver translation initiation.
Although 7mGTP purification proved unsuitable for detecting effects of rapamycin on translation initiation, it did allow us to detect differences in the isoforms of eIF4G1 that were present in adult and fetal liver. Because we did not see a difference in eIF4G1 levels in 7mGTP-purified complexes, we investigated a possible role for eIF4G2 and eIF4G3 in eIF4F formation. eIF4G1, also referred to as eIF4GI, is the prototype for the eIF4G family. eIF4G2, also referred to as p97, DAP5, or NAT1, was initially found to be converted to an active component of the translation initiation complex upon caspase cleavage in apoptotic cells. More recent studies (35) indicate that it can function as a translation activator in unstressed cells. eIF4G3, which is also referred to as eIF4GII, shares 66% sequence homology with eIF4G1 at the level of primary structure. It was originally thought to functionally complement eIF4G1, although some studies have shown that it has a physiological role distinct from that of eIF4G1 (10, 11) . We found that neither eIF4G2 nor eIF4G3 mRNA was expressed or translated at higher levels in fetal than in adult liver. We were left to conclude that eIF4G1 is the primary form of eIF4G in both fetal and adult complexes, a conclusion that was supported by the results of the cross-linking studies.
eIF4G1 isoforms, which are largely derived from alternative start sites, may function differently in translation initiation (12) . The full-length form of the protein seems to have the highest translation initiation activity. Although the possibility has been raised by several authors that the different forms of eIF4G1 regulate the translation of different mRNAs, this hypothesis has not yet been tested. Hinton et al. (26) have mapped the domains in eIF4G1 responsible for individual binding activities, but the investigators found that these domains did not predict specific functional roles for the different forms of eIF4G1. In fact, mutation of critical binding sites did not completely abrogate eIF4G1 function, thus leading the authors to speculate that the protein-protein interactions in eIF4F may be more regulatory than they are essential. eIF4GI undergoes reversible phosphorylation on multiple residues that can contribute to the regulation of global translation (5, 32) . The best-characterized site is Ser 1108 , which is said to augment the translation activity of eIF4G1. Goggin et al. (18) recently showed that liver regeneration was associated with eIF4G1 phosphorylation at Ser 1108 and that this signaling event was rapamycin sensitive. We found that the lower-molecular-weight forms of eIF4G1 are phosphorylated to a greater degree than the longer forms of the protein. The phosphorylation of all eIF4G1 isoforms was inhibited in both fetal and adult liver by rapamycin. Because fetal hepatocytes in vivo are resistant to rapamycin-induced cell cycle inhibition, the phosphorylation of eIF4G1 may not be essential to maintain the translation initiation function of this factor.
As noted above, we observed a significant difference in the forms of eIF4A that were expressed and translationally active in adult and fetal liver. In contrast to fetal liver, adult liver contained significant levels of eIF4A2. Few data are available on the functional roles of eIF4A1 vs. eIF4A2. Some years ago, it was shown that the expression of the two isoforms was dependent on cell growth status in the adult mouse, with eIF4A1 being expressed in all tissues while eIF4A2 was expressed only in tissues with a low rate of cell proliferation (43) . Our observations seem to indicate that a developmental change in the in vivo proliferation rate of hepatocytes is associated with a switch in eIF4A isoform expression that is consistent with the previous observation. The use of partial hepatectomy to activate the proliferation of adult hepatocytes did not result in a shift in the relative expression of eIF4A1 and eIF4A2. This indicates that the expression of the two isoforms is not a simple function of hepatocyte proliferation. We detected three immunoreactive species with eIF4A2. Only the 46-kDa form was recovered in the polysomal fraction following cross-linking. We therefore presume that this is a genuine, translationally active form of eIF4A2. We cannot assign a functional role to the other two immunoreactive species in the eIF4A2 immunoblots.
The functional importance of the developmental expression of eIF4A1 and eIF4A2 is unknown. There is one mention in the literature of an unpublished observation that the two are functionally equivalent (43) , but data to this effect have not been published. More recently, the interactions between eIF4A2 and a regulator of cell transformation, Pdcd4, were characterized (45) . The findings were consistent with an antiproliferative effect of eIF4A2. Interestingly, the authors did not discuss the significance of their having studied the eIF4A2 isoform as opposed to eIF4A1.
Perspectives and Significance
Our studies illustrate the complexity of translational control during liver development. We hypothesize that the relative lack of rapamycin sensitivity of 5Ј-TOP translation and eIF4F formation in fetal liver contributes to the resistance of fetal hepatocytes to the growth inhibitory effects of rapamycin. The developmental differences in at least two components of the eIF4F complex, eIF4G1 and eIF4A, may contribute to this difference in rapamycin sensitivity. In contrast, mTOR signaling to S6 phosphorylation and 4E-BP1 does not appear to contribute to the developmental changes in hepatocyte response to rapamycin in vivo. Our findings indicate the presence of multiple and subtle regulatory mechanisms that must be characterized and their role elucidated if we are to understand the determinants of rapamycin sensitivity at the translation control level.
